Systemic release of norepinephrine (NE) is a component of the acute host response to infection, and studies in the field of microbial endocrinology indicate generally that NE increases the bacterial growth rate and promotes invasive disease. However, NE attenuates experimental invasive pneumococcal disease. We determined that NE promoted pneumococcal growth but paradoxically decreased pneumococcal adhesion to host cells. This effect was independent of the classical adhesin CbpA. Microarray analysis indicated that the effect of NE involved two twocomponent regulatory systems that both regulate expression of the Piu iron uptake ABC transport operon. We propose that NE, a known siderophore, enhances iron availability to the bacteria, resulting in greater bacterial replication and decreased expression of Piu operon products. Downregulation of the operon includes decreased expression of the Piu-associated adhesin PiuD. Our results suggested that the iron-dependent inhibitory effect of NE on pneumococcal adherence is a mechanism underlying the amelioration of pneumococcal disease by NE.
INTRODUCTION
Norepinephrine (NE) is a tyrosine-derived catecholamine that functions as a hormone in blood when released from the subrenal medulla of the kidney or as a neurotransmitter when released from postganglionic synapses of neurons. Developments in the field of microbial endocrinology have documented that NE generally increases the growth rate of many bacteria and facilitates systemic infection (Bansal et al., 2007; Freestone et al., 2007; Methner et al., 2008; Moreira et al., 2010) . However, this paradigm has not been well studied in pneumonia. The lungs are highly innervated with NE and contain sympathetic nerve terminals that are distributed throughout the pulmonary nervous system (Barnes, 1990; Jordan, 2001) . The lungs are a primary source of NE release into plasma at a mean rate of 159 ng min 21 (Esler et al., 1984) . The presence of Haemophilus influenzae in respiratory tissue causes an increased adrenergic response and worsening of the course of disease . Streptococcus pneumoniae (pneumococcus) is a major cause of morbidity and mortality worldwide (O'Brien et al., 2009) , and a leading cause of pneumonia; invasion beyond the lung leads to complications such as bacteraemia and meningitis (Kadioglu et al., 2008) . The interaction of NE and pneumococcal pneumonia has been investigated using an immobilization stress model that increases plasma NE levels (Kvetnansky, 2004) . In contrast to other infections, increased NE was associated with less pneumococcal invasion from lung to blood and lethality was delayed (Gonzales et al., 2008) . This suggests that, unlike findings with many infections, the interaction of NE and pneumococci leads to less invasion and improves outcome.
NE has been shown to interact with several steps in the pathogenic process. The increased growth of bacteria treated with NE derives from the ability of NE to bind iron and, specifically, to release it from host transferrin and lactoferrin, thereby more readily providing available iron to be utilized by the bacteria (Burton et al., 2002; Freestone et al., 2000; Sandrini et al., 2010) . NE is also known to signal via the Escherichia coli histidine kinase QseC to regulate virulence gene expression (Clarke et al., 2006; Hughes et al., 2009; Moreira et al., 2010; Rasko et al., 2008) . NE has been demonstrated to regulate the expression of the K99 pilus adhesin of enterotoxigenic E. coli, the type 1 fimbriae of commensal E. coli (Lyte et al.,
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On: Thu, 20 Jun 2019 00:49:09 1997) and the surface proteins of Borrelia burgdorferi (Scheckelhoff et al., 2007) , and to enhance biofilm formation in Staphylococcus epidermidis . In recent reports, stress hormones, specifically NE, have been shown to increase bacterial attachment to host tissues Hegde et al., 2009; Lyte et al., 1997; Vlisidou et al., 2004) . In E. coli O157 : H7 and Pseudomonas aeruginosa, NE increased bacterial attachment to epithelial cells in vitro (Bansal et al., 2007; Hegde et al., 2009) . Furthermore, in a bovine ligated ileal loop model of infection, NE enhanced the E. coli 0157 : H7-induced intestinal inflammatory and secretory responses and adherence to the intestinal mucosa (Chen et al., 2003; Vlisidou et al., 2004) . Given that, in contrast to most bacteria, the net effect of NE on pneumococcal lung infection is to impair pathogenesis, we aimed to determine whether an S. pneumoniae-NE interaction influences the bacterium's ability to grow or attach to lung epithelial cells as a mechanism to attenuate disease progression.
METHODS
Bacterial strains and growth conditions. S. pneumoniae strains (Table 1) were grown on tryptic soy agar (EMD Chemicals) supplemented with 3 % (v/v) defibrinated sheep blood, in ToddHewitt Broth (BD Diagnostic Solutions) supplemented with 0.3 % yeast extract (w/v) (Thy-B), or in previously described, chemically defined SAPI medium supplemented with 30 % horse serum or 10 % fresh adult plasma . (±)-Norepinephrine (+)-bitartrate salt (NE) (Sigma) was added to liquid media at a physiologically relevant concentration of 50 mM (Esler et al., 1984; Hegde et al., 2009) . The S. pneumoniae cultures were inoculated from a frozen stock and incubated without aeration at 37 uC in the presence of 5 % CO 2 . Clinical isolates were from a collection at the Clinical Services Microbiology Laboratory at the National Institute of Respiratory Diseases (INER), Mexico City, Mexico.
Effect of NE on the growth rate and biofilm formation of S.
pneumoniae. To determine if NE alters pneumococcal growth rate, 5610 5 or 100 c.f.u. ml 21 of S. pneumoniae TIGR4 or 115/19F strains were inoculated into either Thy-B media or SAPI medium supplemented with 30 % horse serum with or without 0, 50 or 100 mM NE and incubated at 37 uC in 5% CO 2 . Bacteria were enumerated by density measurements at OD 620 and c.f.u. ml 21 . Given the known interaction of NE with serum iron-binding proteins, growth was also tested in Thy-B with or without supplementation to 10 % (v/v) FCS. In order to determine if NE improved growth under iron-limited conditions, Thy-B pH 6.5 was treated with Chelex overnight with constant agitation, then supplemented with 1 mM MgCl 2 , 1 mM CaCl 2 , 10 mM MnCl 2 and 10 mM ZnSO 4 , and filtersterilized. Alternatively, Thy-B was supplemented to excess iron: 1 mM iron nitrate (Sigma).
Biofilm formation was assayed as described previously with slight modifications (Moscoso et al., 2006) . Subcultures of four S. pneumoniae clinical strains at 5610 5 c.f.u. ml 21 were transferred to Thy-B with or without 50 mM NE in 96-well MicroWell plates (NuncNalg) and incubated at 37 uC in 5 % CO 2 for 24 h. The plates were gently washed with PBS (pH 7.4; BioWhittaker). The biomass that accumulated onto the microplates was visualized by staining with 50 ml of a 1 % solubilizing crystal violet solution (Sigma). The stained biomass was rehydrated with 95 % ethanol (200 ml well
21
) and OD 595 readings were taken with a GENios Plus plate reader (Tecan) . Reported values are means±SEM of at least three independent cultures. In some cases, investigators have suggested the use of a lower starting inoculum and a defined media for identifying the effect of NE on biofilm formation Lyte et al., 2003) . Subcultures of T4R and S. pneumoniae clinical strain 115/19F at 100 c.f.u. ml 21 were transferred to SAPI medium with 10 % fresh human plasma (P-SAPI) with or without 50 mM NE in 96-well microplates and incubated at 37 uC in 5% CO 2 for 24 h. The determination of biomass was performed as described above. Reported values are means±SEM of at least three independent cultures.
In vitro adhesion assay. The in vitro adhesion assay was performed as previously described (Mann et al., 2006) . The lung epithelial (A549; ATCC) and human brain microvascular endothelial (HBMEC; ScienCell Research Laboratories) cell lines were maintained in F-12 medium (ATCC) with 10 % (v/v) FBS (CellGro; Mediatec) or endothelial cell medium (ECM) with 5 % (v/v) FBS and 1 % (v/v) endothelial cell growth supplement (ScienCell Research Laboratories), respectively, and maintained at 37 uC in 5 % CO 2 . Cells were grown 
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to 80 % confluence in 24-well plates (Costar Corning) and activated for 2 h at 37 uC in 5% CO 2 with human TNF-a (10 ng ml 21 ; Endogen). As the presence of a polysaccharide capsule significantly attenuates the adherence of pneumococci to the surface of host cells (Talbot et al., 1996) , unencapsulated (rough) strains were used. Exponential cultures at OD 620 50.25 (1610 6 c.f.u. ml
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) of the S. pneumoniae unencapsulated TIGR4 derivative (T4R) strain and isogenic cbpS -and hk03 -mutant derivatives of T4R were grown with or without 50 mM NE in Thy-B to OD 620 50.4 (2610 6 c.f.u. ml
). As an additional control, T4R was grown with or without 10, 50 and 100 mM iron nitrate (Fe 3+ ) in Thy-B. Cultures were centrifuged at 10 000 g for 5 min and washed with PBS to remove NE. Bacteria cultures were suspended in complete F-12 or ECM medium with or without 50 mM NE and seeded on A549 or HBMECs for 30 min. Cells were washed three times in PBS, trypsinized, and suspensions were serially diluted and plated for c.f.u. determination. For some experiments, the influence of NE on eukaryotic cells was addressed by pre-treating eukaryotic cells with NE for 30 min prior to the assay.
To determine if pneumococcus must be viable for NE to affect adhesion, an alternative adherence assay used FITC (Sigma) to label bacteria. Pneumococcal strains were treated or not treated with 50 mM NE, washed, and resuspended for 20 min in FITC solution (1 mg ml 21 in carbonate buffer) as described previously (Mann et al., 2006) . The labelled bacteria were washed three times, diluted to 2610 8 c.f.u. ml 21 in PBS and heat killed at 60 uC for 10 min. A549 lung epithelial cells prepared as described above were exposed for 30 min at 37 uC in 5 % CO 2 to 1610 6 FITC-labelled bacteria. The cells were washed and fixed with 2.5 % glutaraldehyde and adherent FITC-labelled bacteria were visualized under an Eclipse TE2000 microscope (Nikon Instruments) and counted using NIS-ELEMENTS software (Nikon Instruments).
NE interactions with CbpA. To test for a direct interaction of NE with the adhesin choline-binding protein CbpA, latex beads were coated with CbpAR12 (CbpA truncated to delete the choline-binding domain to allow solubility; a gift from R. Heath, St Jude Protein Production Facility) and adherence of the beads to A549 lung epithelial cells was assessed as described previously (Mann et al., 2006) . Confluent monolayers of activated A549 cells were fixed with 4 % paraformaldehyde (Sigma) and blocked overnight in 1 % BSA (Sigma). Fluoresbrite YG carboxylate microspheres (Polysciences) were covalently coupled with CbpAR12 or thioredoxin (Sigma) control protein according to the manufacturer's protocol. The protein-coupled beads suspended in F-12 medium with or without 50 mM NE were incubated with the A549 cells for 30 min at 37 uC in 5 % CO 2 . Wells were washed four times with PBS, and adherent microspheres were visualized under an Eclipse TE2000 microscope and counted using NIS-ELEMENTS software.
Microarray and quantitative reverse transcription (qRT)-PCR
analysis. Microarray experiments were performed as described previously (Rosch et al., 2008) using purified mRNA from 115/19F strain with or without 50 mM NE. The culture incubation conditions were the same as described in the adhesion assays. Briefly, wholegenome S. pneumoniae cDNA microarrays obtained from the Pathogen Functional Genomics Resource Center (PFGRC) at The Institute for Genomic Research consisted of PCR products that represented segments of the 2131 ORFs of TIGR4. The microarray experiments were performed using the standard protocols provided by PFGRC (http://pfgrc.jcvi.org/protocols.shtml) by the Functional Genomics Laboratory, Hartwell Center for Bioinformatics and Biotechnology, St Jude Children's Research Hospital. The microarray experiments were performed in triplicate using independent RNA samples.
RNA isolation was performed as described previously with slight modifications (Orihuela et al., 2004) . RNA was harvested using a Qiagen RNAeasy minikit (Qiagen) and quantified via Nanodrop (Thermo Scientific) with the appropriate standards. qRT-PCR (primers in Table 1 ) was performed with T4R with or without 50 mM NE using a Superscript II SYBR Green qRT-PCR kit (Life Technologies) on an ABI Prism 7300 (Applied Biosystems). The relative transcript abundance of piuB was normalized to that of gyrA, which served as an internal control. The qRT-PCR experiments were performed in triplicate with at least two independently isolated RNA samples.
RESULTS

Action of NE on bacterial-host cell interactions in vitro
To determine the effects of NE on pneumococcal adhesion to eukaryotic cells, we assessed T4R interactions with A549 lung epithelia and HBMEC cerebral endothelia. In a host environment, S. pneumoniae would be exposed continuously to NE. Therefore, for initial assays, NE was maintained throughout culture of the pneumococcus and during incubation with eukaryotic cells. Treatment of T4R with NE caused a decrease in adhesion to lung cells of 51.3 %±17 % (Fig. 1a) . No differences were observed with endothelial cells (data not shown). To distinguish if the inhibitory effect of NE was on the bacteria or the cells, A549 cells or bacteria were pretreated with NE and NE was removed during co-incubation. Treatment of cells caused only a 1.9 %±3.9 % increase in adhesion by pneumococci, whereas T4R treated with NE decreased adhesion by 47.7 %±9.1 % (Fig. 1a) . Iron has been indicated to effect bacterial responses to NE (Bearson et al., 2008; Freestone et al., 2000 Freestone et al., , 2003 . Subcultures of increasing concentrations of free iron nitrate with pneumococcus display similar adhesion properties to non-supplemented cultures (Fig. 1b) . We next determined if the pneumococcus needed to be viable for NE to decrease adhesion to A549 cells. Using FITC-labelled killed S. pneumoniae, NE failed to decrease adhesion (97.2 %± 8.8 % of untreated bacteria), indicating bacteria had to be living to see an NE effect. Pneumococcal adherence can progress to biofilm formation and NE has been shown to affect biofilms (Kurola et al., 2011) . However, this parameter was not altered by NE treatment for several strains (Fig. 1e ) subcultured in Thy-B with the starting inoculum at 5610 5 c.f.u. ml 21 . The use of low starting inoculum in plasma-enriched defined media has been shown to influence the effects of NE on biofilm formation . Utilizing the T4R and the clinical strain 115/19F subcultured in P-SAPI with the starting inoculum at 100 c.f.u. ml 21 , NE slightly altered biofilm formation for the clinical strain by 10.5 %±29.4 % (Fig. 1d) . Through further analysis of the T4R strain, NE increased biofilm formation by 36.8 %±21.86 % (Fig. 1c) , indicating that plasma and low inoculum density are participatory factors in biofilm formation. Center for Biotechnology, personal communication). We next assayed whether there was a change in the surface localization of CbpA upon exposure to NE. Utilizing NEtreated pneumococcus soaked in 2 % choline to elute choline-binding proteins from the cell surface, Western blot analysis of the supernatant with anti-CbpA antibody demonstrated that surface localization of CbpA was maintained during NE treatment (Fig. 2a, b) . Taken together, these results indicated that the effect of NE on pneumococcal adherence did not entail a direct interaction with the adhesin CbpA or changes in its surface location.
Effect of NE on two-component system (TCS) networks
To determine whether NE was interacting with a signalling system associated with adhesion, two TCS mutants known to be involved in adherence were assessed for NE-mediated inhibition of adhesion to A549 cells. The CbpS/R TCS negatively regulates CbpA (Standish et al., 2007) and deletion of the TCS increased adherence, as expected (Fig.  2c) . However, the ability of NE to decrease adherence of WT bacteria was lost for the cbpS -mutant (Fig. 2c) . Similarly, loss of the HK/RR03 TCS, which regulates the alternative adhesin CbpG (Mann et al., 2006) , resulted in absence of the NE effect on adherence (Fig. 2c) . These results suggested that inhibition of adherence by NE involved at least two TCS networks.
TCSs regulate the expression of large networks of genes. To investigate the effect of NE on global gene expression, total RNA from S. pneumoniae with or without NE treatment was subjected to microarray analysis (Table 2) . Differentially regulated genes were cross-referenced to genes known previously to be regulated in both the CbpS/R and HK/ RR03 regulons (Rosch et al., 2008) resulting in focus being placed on the operon encoding the Piu iron transporter and its iron-regulated adhesin (SP_1869-SP_1871) (Jomaa et al., 2005) . NE treatment was associated with a twofold to threefold decrease in expression of all four genes in the operon. This was confirmed by qRT-PCR, which showed that addition of NE decreased the expression of piuB 2.5-fold; as a positive control, addition of exogenous iron decreased piuB transcript abundance by 4.5-fold (data not shown). This suggested that NE was interacting with the iron acquisition apparatus of pneumococci, which in turn modulates adherence.
Role of iron in the effect of NE on pneumococcal growth
NE is known to form complexes with Fe 3+ (Paris et al., 2005) . This high-affinity interaction extracts iron from host transferrin and lactoferrin, and thereby increases bacterial growth (Methner et al., 2008; Sandrini et al., 2010) . To investigate the activity of NE as a pneumococcal siderophore, bacteria were grown in normal, iron-limited and iron-excess media in the presence of increasing concentrations of NE. Bacterial growth rate in Thy-B media was unaffected by NE (Fig. 3a-c) . However, in iron-limited media, growth was enhanced in a NE concentrationdependent manner (Fig. 3d) . The addition of serum to Thy-B media also accentuated NE-enhanced growth (Fig.  3e ) consistent with the ability of NE to extract iron from serum proteins. The effect of NE was lost in the presence of excess iron (Fig. 3f) . Inoculum density and culture media conditions have been found to influence the bacterial response to NE (O'Donnell et al., 2006) ; however, the use of 100 c.f.u. ml 21 inoculum of pneumococcus in Thy-B or defined SAPI media followed the same growth parameters as seen with the 5610 5 c.f.u. ml 21 inoculum in Thy-B (data not shown).
DISCUSSION
Bacterial colonization of mucosal surfaces is an essential step in pathogenesis, especially in pneumococcal infection. Reported values are means±SEM of at least three independent cultures. **P,0.05 compared to adhesion in the absence of NE treatment.
Identification of the effects of NE is important because this catecholamine is part of both the host response and the recognized treatment for septic patients (De Backer et al., 2010) . NE attenuates overall disease progression in experimental stress models of pneumococcal pneumonia (Gonzales et al., 2008) , a finding that is in contrast to results with other pathogens where disease is enhanced (Bansal et al., 2007; Cogan et al., 2007; Hegde et al., 2009; Scheckelhoff et al., 2007; Vlisidou et al., 2004) . In this study, we identified that at least one interface between NE and the bacterial-host interaction is at the initial stage of pneumococcal adherence to epithelial surfaces. Whilst NE has been suggested to enhance adhesion of many other bacteria by effects on host tissues (Chen et al., 2003) , NE appears to interact with the pneumococcus and inhibit adherence.
Small molecules, such as xylitol (Kontiokari et al., 1998) and S-carboxymethylcysteine (Cakan et al., 2003) , have been demonstrated to inhibit pneumococcal adhesion by inhibiting growth and altering biofilm formation (Kurola et al., 2011; Suer et al., 2008; Tapiainen et al., 2004) . The pneumococcal growth response to NE was either unaffected or enhanced. NE had no effect on biofilm parameters of subcultures in enriched Thy-B media; however, effects were observed for subcultures in plasma. NE treatment of heat-killed, FITC-labelled pneumococcus revealed that the bacteria had to be viable for NE to inhibit lung epithelial cell adherence and suggested that metabolic functions were involved in the NE-mediated adherence inhibition. Since NE has been demonstrated to enhance adherence of E. coli by binding and signalling via the sensor kinase QseC (Clarke et al., 2006; Rasko et al., 2008) , we hypothesized that NE may affect a pneumococcal TCS associated with host adhesion and invasion, such as CbpS/ R or HK/RR03. Inhibition of adhesion by NE was lost in mutants lacking cbpS and hk03, supporting the involvement of these two networks in NE-mediated inhibition of adherence. Both operons encode well-recognized adhesins, specifically CbpA and CbpG, but neither of these adhesins is cross-regulated by the other TCS. Taken together with the lack of evidence for a direct interaction of NE with CbpA, we concluded that another component shared between the CbpS/R and HK/RR03 regulons mediated the NE effect.
A global picture of the effects of NE on pneumococcal gene expression obtained by microarrays and confirmed by RT-PCR indicated that NE induced decreased expression of one gene cluster common to both the CbpS/R and HK/ RR03 regulons: SP_1869-SP_1871, the piuABCD operon encoding an iron transporter and adhesin. NE has been shown to act as an iron-binding protein that forms complexes with Fe 3+ (Paris et al., 2005) . It can also extract iron from serum proteins such as transferrin with direct or indirect bacterial contact and shuttle iron for uptake by transport systems, thereby supplying nutrients to increase growth of Bacillus subtilis, Salmonella typhimurium and E. coli (Bearson et al., 2008; Burton et al., 2002; Miethke & Skerra, 2010; Sandrini et al., 2010) . In this study, we did not directly demonstrate that NE delivers iron to the pneumococcus. Nonetheless, the growth response is consistent with the NE-mediated growth rescue demonstrated by pneumococcus under iron-limited conditions and in rich medium in the presence of serum. When iron is limiting, expression of the PiuABCD complex is upregulated, a response that involves the CbpR/S and HK/RR03 TCSs (Rosch et al., 2008) . We propose that when NE traps and forms iron complexes under conditions when it is either in low concentrations or bound to serum proteins, more iron is available for bacterial growth, triggering a concomitant TCS-mediated decrease in PiuABCD expression and associated PiuA-mediated adherence. Notably, increased levels of iron did not inhibit pneumococcal adherence to lung epithelial cells. This suggests that the influences of NE on pneumococcal mechanisms that mediate adherence are more complex than providing available iron. To our knowledge, this is the first report that indicates NE is an , setting the value for the no NE control at 100 % for each condition. Thy-B: no modification, 100 %52¾10 8 c.f.u. ml "1 at 6 h; Thy-B chelated to low iron, 100 %51.3¾10 9 c.f.u. ml "1 at 24 h; Thy-B supplemented to 10 % FCS (serum), 100 %52.1¾10 8 c.f.u. ml "1 at 6 h; Thy-B+iron: supplemented to 1 mM iron nitrate (Fe 3+ ), 100 %54.6¾10 7 c.f.u. ml "1 at 6 h.
inhibitor of bacterial adherence to lung epithelial cells with a resultant decrease in invasive disease. Our results suggest that NE targets a complex pneumococcal iron regulatory system that influences host cell adhesion by acting as a siderophore.
